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Abstract 
The InSight mission expects to operate a geophysical observatory on Mars for at least two Earth years  
from late 2018. InSight includes a seismometer package, SEIS. The Marsquake Service (MQS) is created 
to provide a first manual review of the seismic data returned from Mars. The MQS will detect, locate, 
quantify and classify seismic events, whether tectonic or impact in origin. A suite of new and adapted 
methodologies have been developed to allow location and quantification of seismic events at the global 
scale using a single station, and a software framework has been developed that supports these methods. 
This paper describes the expected signals that will be recorded by SEIS, the methods used for their 
identification and interpretation, and reviews the planned MQS operational procedures. For each seismic 
event, the MQS will locate events using all available body and surface phases, using the best estimates 
of the Martian structure, which will become more accurate as more Martian marsquakes are identified and 
located. The MQS will curate the Mars seismicity catalogue, with all events being relocated to use revised 
suites of structure models as they are introduced.  
1. Introduction  
The InSight mission to Mars launched successfully on 5 May 2018, and will land a geophysical 
observatory on Mars on 26 November 2018. InSight includes a seismometer package, SEIS, consisting of 
a very broadband (VBB) seismometer and a short period (SP) seismometer with output acquired by the 
Ebox electronics (Lognonne et al. this issue). Also included are a heat probe (HP3, Spohn et al. this issue) 
and a host of sensors that are part of the Auxiliary Payload Sensor Suite (APSS) that measures weather-
related activity, including pressure, wind speed and direction, and temperature (Banfield et al. this issue ). 
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The nominal duration of the science phase of the mission is a full Martian year, approximately two Earth 
years. 
      
InSight aims to understand the formation and evolution of terrestrial planets through investigation of the 
interior structure and processes of Mars and to determine its present level of tectonic activity and impact 
flux. To realise these goals there are a target set of basic scientific objectives, that have clearly 
measurable (L1) outcomes  (Banerdt et al., 2013; Lognonne et al. this issue): 
● Determine crustal thickness and structure 
○ Determine the crustal thickness to ±10 km 
● Determine mantle composition and structure 
○ Detect any regional-scale crustal layering with velocity contrast ≥0.5 km/sec over a depth interval 
≥5 km 
○ Determine the seismic velocities in the upper 600 km of mantle to within ±0.25 km/sec 
● Determine size, composition, and physical state of the core 
○ Positively distinguish between a liquid and solid outer core 
○ Determine core size to within ± 200 km      
○ Determine core density to within ± 450 kg/m3 
● Determine thermal state of the interior       
○ Determine the heat flux at the landing site to within ±5 mW/m2 
● Measure the rate and distribution of internal seismic activity      
○ Determine the rate of seismic activity to within a factor of 2 
○ Determine epicenter distance to ±25% and azimuth to ±20°  
● Measure the rate of meteorite impacts on the surface 
○ Determine the rate of meteorite impacts to within a factor of 2 
 
The Marsquake Service (MQS) expects to create the basic seismicity catalogue for the mission that will 
count and characterise internal seismic and meteoroid activity, and will include many key markers that will 
allow determination of the additional objectives. 
 
InSight will land in the western Elysium Planitia region of Mars at 4.5° N and 136.0° E (Golombek et al. 
2017). Western Elysium Planitia lies just north of the global dichotomy boundary between elevated 
heavily cratered southern highlands and lower standing, less cratered, northern plains. The landing 
ellipse is mapped as Hesperian basalt flows that are smooth and flat with low rock abundance. Analysis 
of remote sensing data indicates the surface consists of an impact generated fragmented regolith 3-17 m 
thick composed dominantly of cohesionless sand that grades into coarse, blocky ejecta, overlying strong, 
jointed bedrock (Golombek et al. 2017). This relatively low density surficial unit with expected low seismic 
velocities will have an effect on recorded seismic waves (Knapmeyer-Endrun et al. 2017, Golombek et al. 
2018). 
   
In order to efficiently manage the data return and perform a rigorous and systematic first analysis, 
multiple services have been set up within InSight. For SEIS, the MQS will identify and characterise 
Martian seismicity and manage the subsequent seismic event catalogue; the Mars SEIS Data Service 
(MSDS) will curate and provide access to all scientific waveforms, associated metadata as well as the 
scientific products collected by SEIS; and the Mars Structure Service (MSS) will provide a-priori and 
updated models of the 1D and 3D planetary structure. Using APSS data, the Mars Weather Service 
(MWS) will analyse the weather signals and provide weather event information. These services will work 
in coordination with the various InSight Science Thematic Groups. 
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Data from SEIS is acquired and digitised on the Ebox (Lognonne et al. this issue), and is stored locally 
with a maximum sample rate of 100sps. Limited communications with Mars means the amount of data 
that can be retrieved from InSight is constrained, and though SEIS data will have high priority, careful 
planning is required to decide the appropriate sampling rates from each channel that will be acquired in 
both continuous and event-request modes. In general, data will be received on Earth in twice daily 
chunks. The expected nominal communications budget allows 38Mbits or 4.75MB of data to be 
downloaded per sol (Martian day). Assuming all sensors are available as expected, during routine 
science operations, continuous data from all 3 components of the VBB will be retrieved at 2 sps, and a 
composite vertical channel derived from the VBB and SP sensors at 10 sps. A channel indicating the 
RMS of a band-passed composite of all components at 1sps (ESTA) will provide an additional measure of 
the high frequency energy, with a bandpass nominally set between 3-7Hz. Mass position channels from 
the VBB components, sensitive to longer periods, are acquired at 0.5 sps. 
 
Weather data from APSS - temperature, wind speed and direction, pressure and magnetometer - and 
temperatures associated with SEIS sensors will also be transmitted in continuous chunks at lower sample 
rates. 
 
The highest sample rate data channels are stored on the spacecraft in a roughly 3 week buffer. If 
interesting signals are identified or suspected in the continuous data streams, there is the capability to 
request segments of higher frequency data via ‘Event Request Proposals’ that are collected from the 
entire InSight community, including the Marsquake Service, evaluated together and prioritised during 
weekly meetings. 
 
Once down-linked to Earth via the Deep Space Network (DSN), the waveform data from SEIS and the 
weather channels are collected at CNES in France and, via the SISMOC service, converted into 
miniSEED format, the seismic community standard. SISMOC also manages the creation of station 
metadata that accounts for changes in the seismometers / acquisition that may affect the data recorded. 
Metadata are curated using datalessSEED (SEED manual 2012). SISMOC also has the capability to run 
a suite of processing scripts that can allow automatic cleaning of the data, for example removing the 
instrument response, de-glitching spikes, and decorrelating pressure, temperature and magnetic signals. 
Information that documents standard activity on the lander, such as power on / off, or operation of the 
robot arm, is also provided by SISMOC. Finally, SISMOC also performs automated detection targeting 
seismic events using Kurtosis filters. 
 
Data format conversion and processing at SISMOC will be completed within minutes of receiving the data 
from the DSN, and the data are then made available to project scientists and the various InSight services. 
MQS will automatically retrieve and archive the data and metadata provided by SISMOC and notify 
operators that new continuous and event data are available for inspection. The MQS does not rely on 
automated event triggers. Within a reasonable time - 2 hours of the normal working day - the MQS team 
will then review all new waveforms, identify any seismic events, and notify the science team. The new 
catalogue is also available to the partner service, the Mars SEIS Data Service (MSDS) operated out of 
IPGP, which acquires the raw waveforms. Waveforms, seismic events and associated parameters will be 
available to the Science team immediately via the SEIS Data Portal (www.seis-insight.eu/ ), and after 
agreed delays, also to the general public. 
 
The MQS also will closely liaise with the Mars Structure Service, which is responsible for determining 
improved models of the Martian interior.    
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The MQS aims to produce and manage a seismicity catalogue for the planet of Mars for the duration of 
the mission. It is a great challenge to be able to create a catalogue using a single station - we need to be 
able to identify all observed events, from the smallest local events close to SEIS to the moderate events 
SEIS aims to record from the other side of the planet. In anticipation of the launch, the MQS has 
developed numerous methods that can be used to locate and characterise the seismicity we expect to 
observe from SEIS. Any method that can be used for a given seismic event will be combined in a 
probabilistic framework to provide a best location (Böse et al. 2017). As we use a single station, the 
location is provided by determining epicentral distance and back-azimuth independently. With significant 
planetary ellipticity, major topographic features and the hemisphere dichotomy, the crust of Mars cannot 
be appropriately represented by a 1D structure. Thus our approach includes the ability to take into 
account the effect of 3D crustal effects (as estimated from gravity and topography) on surface waves as 
model sets can provide this level of detail.  Magnitude scales like we use on Earth have been adapted to 
Mars (Böse et al. 2018). We have also developed tools to allow efficient management of the dataset, 
including facilitating manual screening of the data to aid first identification of events; labelling and timing 
of wave-types and specific arrivals; implementation of each method in our probabilistic framework, and 
services that allow management and display of various catalogues that will be provided, based on model 
sets that reflect our current best understanding of the planetary structure. We also have developed a tool 
that displays waveforms from all or selected seismic events included in the catalogue, allowing scientists 
to detect patterns among events with different distances, depths, azimuths or source types. In particular, 
this tool can provide some context when locating moderate marsquakes where first arrivals or different 
phases are obscured by noise. 
 
The methods and procedures implemented at the Marsquake Service have been tested via a Blind Test 
that was held from July 2017 - February 2018 (http://blindtest.mars.ethz.ch/, Clinton et al. 2017). In this 
test, the community was provided with an (Earth) year duration of seismic waveforms and was invited to 
produce a seismicity catalogue. The waveforms simulated an expected data return from Mars. They were 
generated by combining realistic Martian noise (Murdoch et al. 2017a, 2017b) with synthetic 
seismograms (Ceylan et al. 2017) generated from a randomly generated but representative Martian 
seismicity catalogue (including impacts) using a 1D velocity model that was not revealed to participants. 
Nine teams from across the globe, including one high school team and 2 masters-level classes, provided 
catalogues. The results are being combined into a journal article (van Driel et al. in preparation). The test 
allowed the MQS to exercise its procedures, benchmark performance, identify weak points, and develop 
new tools. 
 
The goal of the paper is to describe the Marsquake Service as we plan to operate it on Mars. We 
describe the character of the seismic data we expect to collect, including the types of seismic signals, and 
we present the current state-of-the art in our knowledge of the planetary structure before we collect data 
from InSight. We then describe the methods for detecting and locating seismic events, assigning 
magnitudes, discriminating source types and constraining source mechanisms that we intend to use in 
the routine, day-to-day investigation of the waveforms. We describe how the seismicity catalogue will be 
used to improve our understanding of the Martian interior. We conclude with a description of the planned 
operations for the MQS and provide outlook on additional methods that may be applied either within or 
outside the MQS activities. 
 
The methods described in this paper assume that if seismic events are recorded by the InSight 
seismometers, they will more generally be more Earth-like than Moon-like. In the case of the Moon, the 
very strongly impacted and fratured regolith scatters seismic energy producing seismograms with very 
emergent, weakly polarised phases and long coda. If data is more Moon-like, or simply surprisingly 
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different to the case on Earth, many methods proposed here will not work well, and we will have to react 
accordingly 
 
2. Towards the Martian Seismicity Catalogue   
InSight should return several years of continuous seismic data from Mars, possibly comprising records of 
meteoroid impacts, tectonic marsquakes, rock falls triggered by quakes, the hammering of the HP3 
experiment (Spohn et al., 2014; Kedar et al., 2017), and also a range of meteorological and magnetic 
disturbances. The basic purpose of a seismicity catalogue is thus to provide metadata in order to support 
the retrieval of certain types of recordings. But its value reaches far beyond this. 
      
On Earth, earthquake locations in catalogues delineate the boundaries of tectonic plates and the 
subduction of lithosphere, but also the existence of active areas within plates. The size- frequency 
distribution of catalogued events is the basis of seismic hazard analysis. On the Moon, deep moonquakes 
are tightly connected to tidal cycles, as revealed by the Lunar Long Period Event Catalog (Nakamura et 
al. 1981; Bulow et al. 2007; Weber et al. 2010). The same catalogue shows that impacts also cluster in 
time (Oberst and Nakamura 1991). 
      
A seismicity catalogue is thus instrumental to understand the sources, causes, and processes of Martian 
seismicity, and to constrain the respective models.  
2.1 Expected Seismicity  
The relative geologic histories of the terrestrial planets argue that Mars should be seismically more active 
than the Moon, but less active than the Earth (Solomon et al. 1991, Oberst 1987, Goins and Lazarewicz 
1979). From 1977 to 2013, the total seismic moment release per year varied 1021 Nm/yr to 1023 Nm/yr on 
the Earth (Global Centroid Moment Tensor catalog; Dziewonski et al. 1981; Ekström et al. 2012). Goins et 
al. (1981) found 1015 Nm/yr on the Moon. This would suggest a total moment release on Mars to be 
midway between the two or somewhere between 1017 Nm/yr and 1019 Nm/yr (Golombek 2002).  The 
occurrence of 4-5 teleseismic tectonic events per year on the Moon (not tidally triggered, Nakamura 
1980), suggests much higher seismicity than this on Mars. Furthermore, Mars has young fault scarps 
(Anderson et al. 2001, 2008), recent volcanic activity (Hartmann et al. 1999; Vaucher et al. 2009), and 
large uncompensated loads (Tharsis; e.g., Banerdt et al. 1992; Golombek and Phillips 2010), which all 
argue for significant present-day seismicity. Finally, although the Viking seismometer that functioned on 
Mars failed to unambiguously detect a marsquake, the poor sensitivity of the instrument on the lander 
does not preclude Mars from being seismically active (Anderson et al. 1977; Goins and Lazarewicz 
1979).  
      
Faulting, driven by internal cooling and large lithospheric loads such as Tharsis, is expected to be the 
dominant source of seismicity. Estimates based on predicted stress release from internal cooling (Phillips 
1991; Knapmeyer et al. 2006; Plesa et al. 2017, 2018) and the area, total slip and age of surface faults 
(Golombek et al. 1992; Golombek 2002) both derive a total moment release for Mars of about 1018 Nm/yr. 
The largest uncertainties in deriving recurrence intervals for different magnitude seismic events center 
around the assumed negative power law slope of the number versus size of marsquakes and the largest 
possible marsquake (Golombek 1994). A weak crust can only support smaller stresses than a strong 
crust, so will tend to have more smaller events.  Knapmeyer et al. (2006) explore these uncertainties and 
derive a variety of possible models that vary these parameters, and bracket the possibilities (Figure 1).  
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Since the publication of these estimates of internal seismicity 10 to more than 20 years ago, members of 
the InSight science team re-evaluated all of the important factors and assumptions to see if advances in 
Mars science or seismology warranted an update. The team found that the most important factors that 
control the seismicity - the size of the largest possible marsquake, the slope of the negative power law 
that defines the number of marsquakes of any size, and the rigidity - were all within the bounds published 
by Knapmeyer et al. (2006). The previous estimates of moment release from the area, slip and age of 
surface faults (Golombek et al. 1992; Golombek 2002) were based on structures mapped in the western 
hemisphere of Mars (Anderson et al. 2001). A newer map of the eastern hemisphere is dominated by 
wrinkle ridges (Anderson et al. 2008), which also ring Tharsis in the northern plains (Withers and 
Neumann 2001; Head et al. 2002). These compressional structures formed mainly in the Hesperian and 
have been attributed to global thermal stresses (Mangold et al. 2000; Golombek and Phillips 2010). 
Inclusion of these structures would increase the number of faults and an adjustment of the assumed 
rigidity could increase the total moment release in the Hesperian by up to a factor of ten, which is within 
the two orders of magnitude uncertainty in the present-day estimate. Finally, members of the team 
published a new estimate of Mars seismicity from convective and cooling stresses derived from three-
dimensional thermal evolution models of Mars and estimated likely variations in total moment release per 
year (Plesa et al. 2018). Results indicate a total moment release of 6x1016 to 4x1019 Nm/yr, which is 
consistent with previous estimates, and the models make testable predictions of the pattern and depth of 
current seismicity that could be detected by SEIS (Plesa et al. 2017, 2018). Joint analysis of gravity and 
topography data (Gudkova et al. 2017) suggests a concentration of both extensional and shear stresses 
in the lithosphere beneath Hellas Planitia, Argyre Planitia, Mare Acidalium, and Valles Marineris, 
highlighting these as possibly active areas as well. Stress computation from convective mantle drag at the 
bottom of the lithosphere (Plesa et al. 2017, 2018) suggests that large events are more likely in the 
southern hemisphere. 
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Figure	1:	Predictions	of	martian	seismicity	in	moment	release,	Mo	versus	cumulative	number	of	events	in	an	
Earth	year	for	faults	and	impacts.	Mars	faulting	estimates	(see	Panning	et	al.	2017)	are	based	on	Phillips	(1991),	
Golombek	et	al.	(1992),	Golombek	(2002),	Knapmeyer	et	al.	(2006)	(global)	and	Taylor	et	al.	(2013)	(Cerberus	
Fossae	only).	Mars	impact	seismicity	is	based	on	Teanby	(2015)’s	nominal	regional	estimates	and	Teanby	and	
Wookey	(2011)’s	global	estimates	with	a	revised	seismic	efficiency	of	k	=	5	×	10−4.	For	comparison,	the	seismicity	
is	also	shown	for	the	Moon	(Nakamura	et	al.	1979)	and	Earth	(whole	globe	from	Harvard	CMT	catalogue).	The	
dashed	vertical	line	shows	the	predicted	threshold	magnitude	for	a	P	wave	detection	at	60°	distance	based	on	the	
InSight	seismometer	performance	and	waveform	modeling	(Mocquet	1999;	Teanby	and	Wookey	2011).	The	grey	
shaded	area	shows	the	approximate	threshold	magnitude	and	uncertainty	for	detection	of	the	R3	surface	wave	
(Panning	et	al.	2015).	Both	phase	arrivals	and	multiple	orbit	R1/2/3	energy	can	be	used	to	determine	epicentral	
distance	on	Mars. 
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The frequency of seismic events for the estimates of total seismic moment release per year and the slope 
of the negative power law that defines the number of marsquakes of any size have been determined for 
different assumed maximum marsquakes. Intermediate estimates suggest hundreds to thousands of 
marsquakes per year with seismic moments above 1013 Nm, which is approximately the minimum 
magnitude for detection of P waves at sufficient signal to noise ratio at epicentral distances up to 60o 
(Mocquet 1999; Teanby and Wookey 2011; Böse et al. 2017, Clinton et al. 2017). In addition, there 
should be 4-40 teleseismic events (i.e., globally detectable) per year, which are estimated to have a 
seismic moment release of ~1015 Nm, and 1-10 events per year large enough to produce detectable 
surface waves propagating completely around the planet, which are suitable for additional techniques in 
source location (Panning et al. 2015). An event large enough to create observable excitation of the 
planet’s free oscillation (seismic moment of ~1018 Nm) may be expected to occur during the nominal 
mission if the seismic activity level is near the upper bound of the range of reasonable estimates. In 
addition, hundreds to thousands of regional events per year around Tharsis should be expected, which 
offer a promising prospect for the SEIS investigation. 
 
Of particular interest for InSight are the estimates for seismicity on Cerberus Fossae, one of the youngest 
tectonic features on Mars from which water carved catastrophic outflow channels (Burr et al. 2002) and 
from which lava covered a vast portion of Elysium Planitia (Plescia 1990, Jaeger et al. 2007, Vaucher et 
al. 2009). Cerberus Fossae has been interpreted as a long graben system (Vetterlein and Roberts 2010) 
with boulder trails young enough to be preserved in eolian sediments (Roberts et al. 2012), indicative of 
large and perhaps very recent marsquakes. Estimates of moment release based on the estimated fault 
area and slip indicate that recent marsquakes large enough to be recorded by the InSight instruments are 
likely (Taylor et al. 2013). Cerberus Fossae is only ∼1500 km northeast of the InSight landing site on 
Elysium Planitia. 
2.2 Expected Impacts 
Impact cratering will be another important source of seismic signals on Mars. We know that craters are 
forming currently from before and after images that constrain the appearance of new craters (Malin et al. 
2006; Daubar et al. 2013). The current rates of crater formation match within a factor of ~2-3 the expected 
rates based on lunar cratering models, constrained by radiometric dates of returned samples, and then 
extrapolated to Mars (Hartmann 2005) These impact rates can be used to predict the sizes and 
frequencies of seismic signals from impacts (Teanby and Wookey 2011; Teanby 2015). However, these 
estimates include order-of-magnitude uncertainties stemming mainly from the poorly-constrained 
relationship between the impact energy and the magnitude of seismic waves produced, which is called 
the seismic efficiency. Thus any impact-induced seismicity predictions are uncertain to several orders of 
magnitude.  
      
Given these large uncertainties, Teanby and Wookey (2011) predict only one large, globally detectable 
impact event every ~1-10 Earth years. However, smaller events that occur within the detection range of 
SEIS should occur ~0.1-30 times each Earth year (Teanby 2015). Using similar methods and an estimate 
of the likely noise levels of SEIS, Daubar et al. (2015) estimated ~4-8 total impacts will be detected per 
Earth year by InSight. 
      
Approximately half of new, dated impacts occur in clusters of craters that formed at the same time when 
the impactor fragmented in the atmosphere (Daubar et al. 2013); this will affect the seismic signal in ways 
currently being investigated, but will likely lower the number of detectable events (Daubar et al. 2017, 
 
9 
2018; Schmerr et al. 2016). The value of impacts as a seismic source therefore lies not in their frequency, 
but in our ability to locate them precisely on the surface of Mars (Daubar et al. 2018).  
2.3 Expected Noise 
The number of events that will be detected by InSight will be determined not only by the seismicity and 
impact rates as described above, but also by the character of the seismic signals generated by these 
events that actually reach InSight, as well as the actual background noise level seen by the SEIS 
instruments. The noise SEIS records is crucial in determining the limit of sesmic event detectability. On 
Earth, site-characteristic noise is routinely determined and compared to global low- and high-noise 
models, and to the instrument performance (Peterson 1993 p. 93-95; Ringler and Hutt 2010), allowing for 
the derivation of detection thresholds. On Mars, in the absence of oceans, trees and anthropogenic noise, 
these noise models do not apply. We have developed for the InSight mission a specific Mars seismic 
noise model (Mimoun et al. 2017). This model includes the estimated contributions from the environment, 
such as the pressure noise, which is by far the dominating contributor to the noise environment (Murdoch 
et al. 2017a), the contributions from the lander, such as the wind-induced noise (Murdoch et al. 2017b) 
and the contribution of the SEIS instrument itself (self-noise) (Mimoun et al. 2017). 
      
It is important to acknowledge the fact that major environmental contributors, such as the pressure tilt 
noise, change continuously from a state of low perturbation to high perturbation. During the night, wind 
and pressure variations will be smaller, as well as turbulence, leading to a very low environment noise: 
hence weaker seismic events may be detectable. In contrast, during daytime, and especially during bad 
weather (e.g. dust storms), there will be a higher noise, due to turbulence and the sensitivity of the 
seismometer to environment parameters. 
      
We can simplify the external conditions into three categories of environmental noise: bad weather (about 
30% of the total mission time), day (about 35% of the total mission time), and night (also 35%). Noise 
budgets have then been evaluated for each category of environment, allowing potential characterisation 
of the limit of detectability for the catalogue with respect to the observed weather.    
2.4 Other signals      
Evaluation of the seismic records from the Viking 2 seismometer (Anderson et al. 1977) has 
demonstrated the importance of non-seismic sources of vibration. This includes wind speed and magnetic 
field disturbances, but also activities of other spacecraft components. On Viking 2, motors, movements of 
the antennas, cameras and soil sampler were among the sources of noise, but also the length to which 
the soil sampler was extended made a difference. On the Moon, comparison of known astronaut activities 
with short period seismic data helped distinguishing events resulting from thermal stress in the Lunar 
Module from those resulting from thermal stress in the regolith (Duennebier and Sutton 1974). 
      
Acoustic signals resulting from the HP3 penetration phase are considered as an active source for a 
dedicated experiment, requiring a record of the hammer timing (Kedar et al. 2017). Methods that use 
ambient noise to determine subsurface structure have been applied to the Apollo Lunar data (using 
events instead of noise due to the low noise level) (Mark and Sutton 1975; Nakamura et al. 1975; Larose 
et al. 2005). This class of approach will also be applied with InSight (Knapmeyer-Endrun et al. 2017) and 
will benefit from independent knowledge of wind speeds to choose the most suitable time windows. 
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2.5 Seismotectonic Questions      
As on Earth, Martian seismicity is expected to reveal the seismic potential of visible fault systems. Most of 
them were formed more than ≈ 3 Ga (Knapmeyer et al., 2006, and references therein), due to successive 
phases of extension and volcanism from the Noachian through the Amazonian (e.g. Anderson et al. 
2001), while current active faulting would be more related to the global contraction as a result of the long-
term cooling of the planet (Schubert and Spohn 1990; Schubert et al. 1993). Yet, several faults might 
have formed recently (i.e. < 10 Ma), possibly associated with recent volcanic activity (e.g. Neukum et al. 
2004; Vaucher et al. 2009). Some of them could be active in the close vicinity of the landing site 
(Golombek et al. 2017), the best example being the Cerberus fault network, situated approximately 1500 
km to the northeast of the landing site in Elysium Planitia (Taylor et al. 2013). 
 
If the InSight seismicity catalogue includes accurate marsquake locations for many events, it can allow 
assessment of whether faults remain active, and will help to characterize their role in the deformation of 
Mars (i.e. crustal faults or shallow gravitational deformation). This is particularly true if faulting mode can 
be inferred from waveform inversion, but even without this information the slip mode can be inferred from 
the dominant fault types expressed at the surface in the province the event is locating in. If the actual 
deformation is governed by a global contraction of the planet, we can expect a higher activity of reverse 
faults (such as wrinkle ridges and lobate scarps; e.g. Knapmeyer et al. 2006), even if some normal faults 
could be reactivated in a reverse motion. The total moment release along the faults will be refined, then 
compared with previous studies which estimated annual seismic moment budget based on the fault 
traces observed at the surface (e.g., Golombek et al. 1992; Golombek 2002; Knapmeyer et al. 2006). 
Further, the structural maturity and frictional behaviour of faults, i.e. if they are creeping or fully locked, 
can be revealed by a high precision catalogue with many events. 
      
Marsquake locations might be also helpful to define the stress distributions along and around the faults, 
compared to terrestrial fault systems. The Cerberus normal faults are ~500 km long, significantly longer 
than any normal faults on Earth. Thus, it is important to understand how stress concentrates along faults 
and how the boundary conditions on Mars (e.g. curvature of the planet; gravity field; crustal thickness; 
rheology) can impact the fault growth and the fault structure (e.g. lateral segmentation, fault tip splay 
networks). 
      
Ultimately, if a large marsquake (M>5-6) occurs along a Martian fault, its location as well as those from 
associated aftershocks can constrain the rupture development on Mars. Many studies describe the lateral 
segmentation along terrestrial faults and the role of inter-segment zones which act as structural barriers 
to rupture propagation (e.g. Biasi and Wesnousky 2017; Manighetti et al. 2007; Stirling et al. 1996), and 
places where stress concentrations might also favour rupture initiation (e.g. Aki 1979; Barka and 
Kadinsky-Cade 1988; Manighetti et al. 2015; Shaw 2006). Faults on Mars are segmented (e.g. Schultz 
2000; Smart et al. 2006; Polit et al., 2009; Vetterlein and Roberts 2010), and hence it is likely that the 
inter-segment zones also favour stress concentrations and affect the rupture development.   
Statistical Parameter Estimation 
The estimations of the Martian tectonic seismicity level summarized above are all expressed in terms of 
event rate and seismic moment rate, i.e. parameters of the moment-frequency distribution of quakes. In 
its representation as survivor statistics, showing the number of events that exceed a certain seismic 
moment as function of that seismic moment, this distribution is usually described by the following 
parameters (see e.g. Kagan 2002, for a review of key statistical descriptions): 
● completeness threshold: the catalogue is complete for events with moment larger than this 
(actually a property of the observer) 
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● slope: classically, the slope of the log-linear Gutenberg-Richter distribution 
● corner moment: controls the largest seismic moment for which the distribution is log-linear; the 
precise meaning of the corner moment is dependent on the assumed type of distribution 
● event rate: the number of seismic events per time interval 
● moment rate: the seismic moment released per time interval 
 
On Earth, the slope of the distribution appears to be independent of time and source region (e.g. Godano 
and Pingue 2000), with the possible exception of mid-oceanic ridges (Kagan 1997). Thermal 
moonquakes, on the other hand, release most energy at the small event end of the moment-frequency-
distribution (Cooper and Kovach 1975), implying a much steeper distribution. The most recent Mars 
global seismicity models by Knapmeyer et al. (2006) and Plesa et al. (2017, 2018) assume that Martian 
seismicity follows Earth’s standard slope. This might be challenging to prove, since Godano and Pingue 
(2000) conclude that a reliable slope estimate requires about 1000 events. 
 
Event rate and moment rate both refer to long-term averages. The actual number of events e.g. in a given 
calendar year follows a Poisson distribution and, on Earth and evaluated from 1977 to 2013, varies by 
half an order of magnitude between years according to the GCMT (Global Centroid Moment Tensor 
catalogue Dziewonski et al. 1981, Ekström et al. 2012). The cumulative moment released during one 
calendar year is distributed around the long term average, and, in the above time interval of the GCMT, 
fluctuates by 1.5 orders of magnitude. 
      
As Richter (1935) already found, the release of strain and energy due to quakes is dominated by the 
largest events. This is confirmed by moment rates derived from the GCMT: From 1977 to 2013, the two 
largest among the catalogued 40514 events released 31 % of the catalogued seismic moment. Therefore 
it appears possible to obtain a reliable estimate of the moment rate from record breaking events only. A 
practical algorithm to do so will be described in a dedicated publication. 
      
In summary, we expect that the Martian seismicity catalogue resulting from the InSight mission will be 
useful not only as an inventory of the dataset, but also to foster our understanding of the global tectonic 
regime.  
3. Models and Methods  
In order to locate seismic events across the entire planet using only a single station, several different 
techniques based on combinations of body-wave and surface wave arrivals are available (e.g. Böse et al. 
2017). Application of these methods, however, is dependent on having available a suite of a priori models 
that span a range large enough to encompass all likely structure possibilities. These models can be used 
to precompute body and surface wave travel times. The a priori models are constructed using mineral 
physics data and include information on the bulk composition and temperature structure of Mars (e.g. 
Verhoeven et al. 2005; Rivoldini et al. 2011; Khan et al. 2018). In the following, we briefly discuss the 
construction of 1D models after which 3D models are described. 
  
Radial (1D) model construction is described in detail in Khan et al. (2018). The procedure starts from a 
set of possible bulk model compositions that derive principally from geochemical and cosmochemical 
analyses of Martian meteorites and meteoritic material (Dreibus and Wänke 1984; Morgan and Anders 
1980; Lodders and Fegley 1997; Sanloup et al. 1999; Taylor 2013). These bulk compositions are 
converted to geophysical models using phase equilibrium coupled with equation-of-state calculations to 
self-consistently produce models of P- and S-wave velocity and density as a function of composition, 
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pressure, and temperature. Since Martian mantle temperatures are unknown, Khan et al. (2018) invert 
the currently available geophysical data stochastically (mean mass and moment of inertia and tidal 
response) for the main Martian parameters of interest (e.g. mantle composition and temperature and core 
size and composition). This procedure results in a wide range of Martian interior structure models that fit 
the geophysical observations. Armed with this set of models, travel times for various seismic body and 
surface wave phases as a function of epicentral distance and source depth can be generated and 
tabulated as look-up tables for subsequent use. 
  
Constructing 3D models is more difficult given the little information we have on lateral variations in the 
interior of Mars. For this purpose, we mainly rely on high resolution surface topography maps and crustal 
thickness models that derive from inversion of gravity data (e.g. Neumann et al. 2004; Wieczorek and 
Zuber 2004; Plesa et al. 2016). While this provides some information on crustal structure, the question of 
lateral variations in seismic properties is not addressed. These have to be modeled through other means. 
A number of additional options are available that include 1) information on the composition of the surface 
as measured from gamma ray data (e.g. Taylor et al. 2006; Baratoux et al. 2014) and 2) results from 
geodynamical studies (e.g. Plesa et al. 2015; 2016). While major element chemistry of the Martian 
surface can be converted to geophysical properties, the approach suffers from the implicit assumption 
that crustal composition at depth is equal to the surface composition obtained from gamma ray data. This 
approach has been applied previously as a means of investigating the effect of lateral variations on 
seismic waveforms in regional models. The results showed that the effect due to surface and Moho 
topography is much larger than that obtained from a laterally varying surface composition (Bozdag et al. 
2017). Including results from geodynamical studies that model the evolution of Mars over 4.5 Gyr 
presents a potentially more interesting avenue in that variations are not limited to the crust, but span the 
entire mantle. In an initial attempt, we employ the thermal maps generated by Plesa et al. (2016) and, 
assuming chemical homogeneity throughout the Martian mantle, convert the temperature variations into 
geophysical properties (Bissig et al. 2018). The so modeled thermally-induced variations in seismic 
properties provide a means for estimating the effect lateral variations have on body and surface wave 
propagation and through that on travel times. While the analysis has only just begun, the impact is 
negligible on body wave travel times (a couple of seconds at most), but large on surface wave travel 
times (up to several hundred seconds). The implications of this variability for event location that relies on 
surface wave arrivals are therefore more dramatic and clearly require corrections to be applied prior to 
event location.  
 
In practice, the MQS uses the TauP Toolkit (version 2.4.3; http://www.seis.sc.edu/TauP/) of Crotwell et al. 
(1999) to compute travel times for a predetermined suite of body wave phases as well as surface waves 
at various frequencies. Dispersion relations for fundamental mode surface waves are calculated using the 
minor-based code of Nolet (2008). Since the effects of 3D structure on body wave travel times are 
expected to be minor, TauP will continue to be our main tool for this purpose. We plan to apply 3D 
corrections for the surface wave travel times to account for crustal heterogeneities. In practice, travel time 
databases will need to be updated in order to be consistent with the currently preferred set of structure 
models. MQS will re-evaluate all previous locations using the new travel time databases computed for this 
new suite.  
 
We mainly use synthetic waveforms to test our tools and methods described in this paper. For 1D case, 
we prefer to use the axisymmetric spectral element method AxiSEM (Nissen-Meyer et al. 2014) to 
generate Green’s Functions databases (GF), and Instaseis (van Driel et al. 2015) to extract seismograms. 
Instaseis is a very efficient tool for computing seismograms for any type of arbitrary source at the order of 
seconds. For 3D case, we choose to use Salvus (Afanasiev 2018).  
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4. Locations   
To locate marsquakes and impacts during the InSight mission, the MQS will apply the probabilistic 
framework for single-station location developed by Böse et al. (2017) and implemented in the SeisComp3 
mars location GUI (marslocgui) tool developed by ETH Zurich and Gempa GmbH. This framework 
combines several approaches and different information in the seismic signals to determine the epicentral 
distance Δ and back azimuth Θ relative to the InSight seismometer as well as the source depth h; with the 
known lander location these estimates relative to the lander are converted into absolute event locations. If 
possible, locations of impacts will be independently verified and refined by high-resolution orbital images. 
  
Single-station event locations are typically associated with great uncertainties that arise from the 
challenges of identifying seismic phases as well as unavoidable phase pick and model uncertainties. The 
probabilistic framework of Böse et al. (2017) characterizes these uncertainties as probability density 
functions (PDFs). The framework currently combines four approaches, which are briefly described below. 
Details are given in Böse et al. (2017). 
4.1 Distance estimation from multi-orbit surface-waves 
In this approach, the time delay between multi-orbit surface-wave arrivals is used to determine the 
epicentral distance and event origin time. If detectable, the MQS will use the first three multi-orbit arrivals 
of the Rayleigh wave, which propagate from the quake to the receiver along the minor arc of Mars, along 
the major arc, and along the minor arc plus an additional trip around the great circle path, respectively. 
The corresponding arrivals of R1, R2, and R3 are picked from the waveform envelopes on the vertical 
component after applying a series of manually selected bandpass filters (Panning et al. 2015), which 
depend on the event distance and magnitude, and which typically range from 10 to 40 seconds. We 
expect the R1, R2 and R3 phases to be detected for marsquakes at 10o to 170o distance and magnitudes 
of ~5 and greater, so will only be applicable for the largest events in the Mars catalogue. The approach 
requires no a priori velocity models. If extended to Love waves, it requires using horizontal components, 
which are expected to be noisier.  
4.2 Distance (and depth) estimation from body- and surface-wave phase arrivals 
This method locates marsquakes and impacts from relative phase arrivals of body- and surface-waves 
while taking into account model and pick uncertainties. Model uncertainties are reflected by the use of a 
series of plausible 1D Mars models in the forward prediction of theoretical phase arrival times; pick 
uncertainties are specified by the data analyst. This location approach requires at least two phase picks: 
either two body- or one body- plus one surface-wave pick. As long as impulsive phases are recorded with 
a high signal-to-noise ratio, this approach can be applied to a variety of seismic events, including local 
events of all sizes as well as moderate regional and teleseismic events. In order to infer source depths, 
the MQS will use depth-sensitive phases, such as PmP, SmP, pP or sP, when identified, as well as 
relative amplitudes of body- and surface-waves.  
 
The method is more robust when multiple phase types are observed. A location may still be estimated 
using P-wave and surface wave arrivals only, e.g. within an S-wave shadow zone. 
 
This method can be extended to support 3D crust if there are candidate model suites. Travel times for 
longer period surface waves that are sensitive to 3D crustal variations are created for the azimuth 
segments of a selected angular size (we expect to use segments between 30-60o). If the back azimuth is 
known, events can be located using the azimuth-specific long period travel times. 
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Though this method can provide distance estimates for all events at any distance and magnitude as long 
as two phases can be identified, it works best when multiple phases are clearly identified. When phase 
onsets are within the noise, location accuracy is reduced, and when phases are mis-identified gross 
errors may result. 
4.3 Back azimuth estimation from polarization of Rayleigh waves 
This method uses the polarization of the R1 wavetrain to estimate the back azimuth of the seismic event 
relative to the receiver by determining the angle of minimum cross-correlation between the radial and the 
Hilbert-transformed vertical components (e.g., Chael 1997). The approach requires R1 energy and can be 
applied to a variety of event sizes and distances. On the Earth, the errors in back azimuth values derived 
by this method are typically on the order of ~30o.  
4.4 Back azimuth estimation from the polarization of body-waves 
This method uses the polarization of P or SV body-wave phases for back azimuth estimation. It can be 
applied to a variety of event sizes and distances, in particular to small local events. 
  
 
All possible approaches will be used, depending on the quality of various observed seismic phases. The 
individual solutions are combined by the product of their PDFs, resulting in generally improved event 
location estimates and reduced uncertainties as compared to the results obtained from each algorithm. 
Tests with both synthetic marsquake waveforms and real earthquake recordings (Böse et al. 2017) 
suggest that the errors in event locations are small enough to meet the L1 requirements of the InSight 
mission, which require epicentral distances and back azimuths to be determined to accuracies of ±25% 
and ±20o, respectively (L1-SCI-51; Banerdt et al. 2013).  
 
This location procedure above was exercised by the MQS team in their response to the Blind Test 
(Clinton et al. 2017), and the abilty to meet L1 requirements was confirmed as shown in detail in Figures 
2 and 3. The MQS software interface itself is illustrated in Section 9 on Operations, using specfic 
examples from the Blind Test. In Figure 2 we summarise the ability of the MQS tools to locate different 
events at different distances.   
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The MQS will produce a catalogue that divides events into 3 quality types, and this was exercised in the 
Blind Test. Quality A are the best events, where either all 4 methods above can be used, or the phase 
arrivals are clearly observed. Quality B events typically uses only phase arrivals for distance where the 
phase arrivals are often difficult to identify, and both methods are used for back azimuth. Quality C events 
are observed in the seismogram but it is very challenging to identify correct phases and back azimuth 
estimation may not be possible to accurately identify or only possible using a single phase type. In Figure 
3 we show that Quality A and B events meet the project requirements for the Blind Test.  
In the future, other methodologies can be added to the probabilistic framework to further improve location 
estimates. Also likely marsquake locations, e.g. constrained by surface faults, may be included as prior 
information. 
5. Magnitudes   
The MQS will use a series of magnitude scales defined and calibrated by Böse et al. (2018), including a 
(1) local Mars magnitude, MLMa, measured at periods of 3 seconds for marsquakes at distances of up to 
10o; (2) P-wave magnitude, mbMa and (3) S- wave magnitude, mb,sMa, each defined at periods of 3 
seconds and calibrated for distances of up to 100o; (4) surface-wave magnitude, MSMa, at periods of 20 
seconds, (5) moment magnitudes, MFBMa and (6) MFMa, calculated from the low-frequency (10-100 s 
period) plateau of the displacement spectrum for either body-waves or the full recording, respectively; the 
scales (4) to (6) are calibrated for distances of up to 180o. Note on Mars 1o is ~59 km, where on Earth this 
distance is 111km. The high frequency period of 3 seconds is selected to enable magnitude calculation 
using the continuous data sampled at 2sps. 
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 Figure	2:	Summary	of	seismic	events	included	in	the	MQS	Blind	Test	in	terms	of	magnitude	and	distance	from	InSight	lander.	Events	indicated	in	green	and	red	were	detected	by	MQS,	those	in	grey	were	not	identified	(missed).	Green	events	meet	the	InSight	L1	requirements	(located	well),	i.e.	the	estimated	epicentral	distances	and	back	azimuths	are	within	±25%	and	±20o	of	the	true	location.	Red	events	do	not	meet	the	L1	requirement	(detected	only).	The	black	thick	dotted	line	indicates	the	distance/	magnitude	detection	threshold	of	the	MQS	for	the	Blind	Test.	Histograms	on	the	top	and	right	side	indicate	the	proportion	of	events	located	well,	detected	only	and	missed	in	terms	of	magnitude	and	distance.		
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 Figure	3:		Summary	of	perfromance	of	MQS	event	locations	from	the	Blind	Test	in	terms	of	(a)	distance	and	(b)	back-azimuth.	The	grey	shaded	areas	indicate	the	region	inside	±25%	of	the	true	location	(a)	and	±20o	of	the	true	back-azimuth	(b)	(L1	requirements).	Note	all	quality	A	and	the	majority	of	quality	B	events	lie	within	the	L1	requirements,	and	the	majority	are	well	within	it.	For	distance,	only	a	few	quality	B	events	that	occur	very	close	to	the	source	are	outside	L1.	For	back	azimuth,	the	handful	of	events	clustering	near	±180o	have	the	wrong	back	azimuth	selected	because	the	body	waves	alone	cannot	resolve	the	ambiguity	without	knowing	the	first	motion	polarity.		
 
In the absence of seismic observation data from Mars, Böse et al. (2018) calibrated these magnitude 
scales by simulating the seismic wave propagation through a set of realistic 1D Mars models. We expect 
these relations to be applied to the first seismic event catalogue of the InSight mission. Depending on the 
observed attenuation, scattering, and 3D effects, these relations may need to be updated as soon as 
observational data and new models become available. It is expected that marsquakes with moment 
magnitudes of less than 3 to 4 and epicentral distances of Δ>15o will be hidden in the Mars background 
noise and probably not detectable (Böse et al., 2018). This is consistent with what is observed in the Blind 
Test data as seen in Figure 2. 
 
6. Seismic Source Discrimination  
 
Although tectonic events are a key target, other event types may be seen on our seismic signals: 
6.1 Meteoroid impacts 
Clear seismic traces of impacts on Earth have only been observed for very few events. In the Apollo 
seismometer experiment on Moon, however, impacts were the second-most common type of seismic 
sources, with over 1,700 events in total. Since the Martian atmosphere is thinner than Earth’s, it can be 
expected that the rate of seismically recordable impacts is somewhere between Earth and Moon, 
probably closer to the former. Impacts in the seismic dataset will be carefully studied by the science team 
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(Daubar et al. 2018), but the Marsquake Service will have the task to rapidly identify impact candidates 
amongst the seismic events to allow rapid download of high-frequency data.  
Impact sources differ from tectonic sources in two ways: 
1. The source is a mixture of single force and explosion, in contrast to double-couple tectonic 
sources. This enhances lower frequencies as compared to the tectonic source (with a pre-factor 
of ωa, where a<0 depends on the ratio of single force to explosion). 
2. The force source time function is a Dirac delta function, compared to the moment function of 
tectonic sources, which is a step function. This increases higher frequencies with a pre-factor of 
ωb, where b~1. 
The combination of those leads to a different spectrum for the P-wave train. Since the two effects go in 
opposite directions, automated detection using the spectra is not straightforward, but has been applied to 
the Apollo dataset before, as laid out in Daubar et al. 2018. 
 
Other potential identifiers for impacts are: 
● Depleted S-wave energy 
● Relatively high surface wave amplitude 
● Positive polarity of first P-motion 
● Reverberations in the uppermost crustal layers, due to the very shallow source depth 
None of these identifiers will be easy to detect or are unique to impacts, so the MQS will only present an 
initial identification of event types. Given the very high interest in seismic observation of impacts, 
especially for ones where a source crater may be identified, it can be expected that the impacts working 
group (IWG) will take over careful analysis. 
6.2 Atmospheric Activities 
Since the SEIS sensor is located directly on the surface, meteorological activities with a wide range of 
temporal and spatial scale will be visible in the seismic record, spanning global circulation with daily 
periods to local and sporadic whirlwinds known as dust devils. The latter are especially interesting, since 
their duration is comparable to tectonic events. Dust devils are moving local pressure depressions, similar 
to small tornados, tens of meters in diameter and have been observed in images of previous Mars 
landers (Metzger et al. 1999). The pressure depression generates tilt on the ground which can be 
detected on the seismic signal (Lorenz et al. 2015, Kenda et al. 2017). InSight is equipped with a 
pressure sensor, so dust devils close to the station will create coherent signals on the pressure sensor 
and seismometer and can be distinguished from tectonic events, which do not create correlated pressure 
signals. The MQS will report all clear Dust Devil observations, though the Mars Weather Service (MWS) 
is authoritative for identification of these events. 
6.3 Landslides 
 Another non-traditional source are landslides (e.g. Yamada et al. 2013; Hibert et al. 2014). These events 
generate high frequency seismic signals whose source time function is tens to hundreds of seconds long. 
Since the landing site of InSight is far from regions with severe topography, seismic signatures of 
landslides are unlikely to be detectable. 
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7. Source investigations   
The analysis of source mechanisms is crucial to understanding tectonic activity. On Earth, focal 
mechanisms are used to infer the stress regime of whole regions. This information can augment the 
current limited knowledge on Martian tectonics from surface fault mapping (Golombek 1992, Knapmeyer 
et al, 2006). Inversion for focal mechanisms, i.e. the orientation of the active fault and the direction of slip 
on it during the marsquake, can also improve the magnitude estimate, since it removes some of the 
uncertainty coming from the radiation pattern. If seismic phases that were reflected on the surface above 
the source can be identified, the depth of the event can be constrained reducing uncertainty on the focal 
mechanism. Determination of the focal mechanism will not be a routine task of the MQS for each event, 
since it needs clearly identified body wave phases with excellent signal-to-noise ratios, which may only be 
available for a handful of events. Two groups within the MQS will invert for focal mechanisms, using 
slightly different approaches. Both methods use body waveforms and assume that arrival times and 
phase types are known from the waveform analysis performed by MQS. 
Single station inversion is challenging and its success relies on being able to model various phase 
arrivals. If arrivals are emergent and complex, as can occur if passing through fractured media that 
scatter signals, even if phases can be identified, it will be difficult to model these wavefroms in any 
frequency band so it will not be possible to provide confident source solutions for any event. Further, 
inversions require good signal-to-noise for each phase, so solutions are likely only for a handful of the 
largest events in the catlaogue.  
7.1 PRISM 
The PRISM (PRobabilistic Inference of Source Mechanisms) method presented in Stähler and Sigloch 
(2014, 2016) infers depth and focal mechanisms or full moment tensors using the waveform of the P- and 
SH-wave train (P-pP-sP, S-sS). The Bayesian inference uses an empirical likelihood function based on a 
large test dataset of 2000 events above M5.8 recorded on Earth, with global distribution, from which 
100,000 body waveforms were recorded, to obtain robust statistics on the expected level of fit. As a misfit, 
it uses the decorrelation between measured and simulated signal, which, for body waves, is relatively 
robust against modelling errors that arise from using incorrect crustal velocity models.  
 
A test inversion, using the InSight Blind Test data (Clinton et al. 2017) was done, using P- and S-
waveforms; geophysical arguments (Khan et al. 2018), suggest a high likelihood that S-waves will have 
large shadow zones and low amplitudes for a large teleseismic distance range, so we allow for individual 
weights for each component of the P- and S-time window. Since a single P-waveform does not constrain 
all elements of the moment tensor, a priori information has to be added to the inversion, e.g. that the 
source can be described as a pure double couple, which reduces the number of free parameters of the 
moment tensor from 6 to 4. Figure 4 shows that the P-waveform for an example event from the Mars 
Blind Test is sufficient to constrain the depth of the event, even though a wrong velocity model was 
deliberately used. In this example, the S-wavefrom is not visible above the noise. The inversion estimated 
the event to be of oblique thrust type, with poorly constrained strike angle. The true focal mechanism was 
indeed oblique thrust, but with a strike angle differing by 30°. If tectonic knowledge is available from 
dominant faulting in the province the event locates at, it can be introduced as prior information on strike 
angle. 
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Figure	4:	Result	of	a	probabilistic	inversion	for	focal	mechanism	(strike,	dip	and	rake),	depth	and	epicentral	distance	for	the	2019/08/02	event	in	the	Mars	Blind	Test	dataset.	The	‘Bayesian	Beach	Ball’	is	shown	in	(a),	an	overlay	of	the	1000	best	fitting	focal	mechanisms.	(b	)shows	the	depth	probability	density.	While	the	search	was	done	between	5	and	35	kilometers,	the	algorithm	converged	around	14.5	km.	(c)	shows	the	waveforms	for	the	1000	best	fitting	models.	Note	that	the	S-wave	fit	was	generally	very	low,	due	to	the	low	amplitude	of	S-waves	in	the	specific	velocity	model	used	for	the	blind	test	(d). 	
7.2 SAWIB  
The SAWIB code (Simulated WAveform Inversion of Body waves, Garcia et al. 2013) was used to 
estimate body wave travel time, amplitude and source time function of Earth data. To compute body wave 
parameters it uses an extension of the Tau-P program, which takes into account ellipticity. The software is 
also improved by the analysis of the incidence angle and azimuth through the polarization of the body 
waves. The free parameters of the waveform inversion are: 1. small time shifts between modeled body 
wave arrivals and data around the phase picks (<2 seconds), 2. relative attenuation between P and S 
waves, 3. P waveform, used as proxy of event source time function, 3. event depth, 4. the six 
independent components of the moment tensor. 
 
Figure 5 shows a test using synthetic, noise free Mars records from a 20 km deep marsquake at 90° 
epicentral distance. The best inverted waveforms are presented in subfigure 5.a and 5.b, demonstrating 
the ability of the method to fit the waveforms in phase and amplitude, and to resolve the interference 
between direct and depth phases. The SV waveform fit appears to be more difficult due to interfering 
phases at the time of arrival of depth phases. 
 
The evolution of some key parameters as a function of the temperature of the simulated annealing 
process is presented in subfigure 5.c. Event depth is properly resolved as shown by the low variance 
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between the various simulated annealing runs. However, the moment tensor, the relative attenuation 
between P and S waves and the magnitude estimate are either poorly constrained parameters or too 
dependent on both the internal structure model and the event / receiver geometry to consider these as 
resolved.  
	Figure	5:	Example	SAWIB	solution	using	syntheic	seismograms	from	a	Martian	event	20	km	deep	quake	at	90°	epicentral	distance.	Fits	between	observed	synthetics	and	modelled	data	for	the	3-components	are	shown	for	the	P	(a)	and	SV/SH	(b)	wave	trains.	Depth	phases	are	included	in	the	time	windows.	The	evolution	of	key	parameters	of	the	inversion	are	shown	in	(c)-	from	top	to	bottom:	cost	function,	event	depth,	one	scaled	component	of	moment	tensor	and	P	arrival	time	-	as	a	function	of	simulated	annealing	temperature.	Colors	represent	different	inversion	runs. 
8. Summary of MSS/MQS joint inversion strategy   
Since source locations and structure models are inherently coupled, it will be important for the Marsquake 
Service and the Mars Structure Service to jointly invert for updated source locations and structure 
models.  It is expected that the teams will work with at least 2 different “pipelines” to create model sets for 
probabilistic locations, which can lead to the creation of two associated location catalogues being curated 
concurrently. One set of models (called M1) will be created via Bayesian inversion of seismic data with 
models parameterized in velocity without applying any constraints from mineral physics.  Another set, M2, 
will be created with models parameterized by (uniform) bulk composition and thermal profiles with seismic 
velocities calculated via mineral physics equations of state (e.g. Mocquet et al. 1996; Sohl and Spohn 
1997; Verhoeven et al. 2005; Zharkov and Gudkova 2005; Rivoldini et al. 2011, Khan et al. 2008, 2018). 
The constraint of uniform composition can be relaxed in case more complexity is required. We use these 
two different approaches because each approach has certain strengths and weaknesses.  Applying 
mineral physics constraints creates a strong prior constraint on the models and therefore can produce 
stable velocity models through the whole planet even with a very small number of recorded events (e.g., 
Khan et al. 2016).  However, such constraints may be incorrect if, for example, there are non-equilibrium 
phase assemblages or composition is variable.  The planned seismic observations to be used and the 
Bayesian inversion approach are detailed in Panning et al. (2017). 
  
The general plan for the creation and updating of these two pipelines is shown in Figure 6.  Because 
there are no initial seismic observations to derive M1 models, the first set of events to be recorded will be 
located using a selection of a priori M2 models. As soon as sufficient observations from seismicity 
become available, a suite of M1 models will be created, and MQS will from then on begin to curate a new 
catalogue using the new family of models, with the already observed events being relocated. The 
weighting of the M2 models used in the probabilistic inversion scheme will also be updated based on the 
relative fit to the travel times across the event catalogue. This will reduce the location uncertainty as it 
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reduces the impact of poorly matching models.  From this point on, there will be two independent 
catalogues of marsquake locations based on these two pipelines.  Periodically, when there is sufficient 
new data, MSS and MQS will perform a joint update of the models and relocation of all events.  This can 
be accomplished within the same Bayesian inversion framework as the structure inversions. Location 
parameters will be allowed to vary in the Markov chain Monte Carlo (McMC) model generation scheme 
along with the structure parameters as illustrated in Khan et al. (2016).  This will require an update of all 
the travel time tables utilized by MQS, and so will likely not be done after every event, but whenever 
significant new data become available. 
  
It will also be necessary to periodically compare the families of M1 and M2 models. If the models deviate 
strongly from each other, that may indicate regions of the models that are either not well-constrained by 
the seismic data, or inconsistent with the physical assumptions of the M2 modeling approach. In the latter 
case, it may be necessary to update those physical assumptions, such as by allowing for non-equilibrium 
mechanical mixtures of end-member compositions, or composition that varies as a function of depth. 
  
Figure 6: Flowchart of planned procedure for creation of model catalogues and joint updating of structure 
models and source locations.  Boxes in red will only be performed periodically when significant new data 
become available. 
9. Operations   
The Marsquake Service has created a software framework that supports manual review of the InSight 
data, detection, location and quantification of any observed seismicity, as well as catalogue management. 
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The software is based on the popular SeisComP3 framework that is widely used by regional and global 
Seismic Networks across the Earth. This has been adapted to support our single station Martian methods 
with support from gempa GmbH, who support SeisComP3. Although there is significant tailoring to 
account for the fact that InSight has a single station rather than a seismic network with many stations, the 
basic interactive SeisComP3 GUI we have developed is built following scolv 
(https://www.seiscomp3.org/doc/jakarta/current/apps/scolv.html), and is called the marslocgui. All the 
methods described in Section 4 on Locations and Section 5 on Magnitudes are supported in marslocgui. 
Basic extensions to the existing SeiComP3 data model have been made so that we can store single-
station method metadata as well as to better support the complex catalogue requirements as outlined in 
Section 8.  
 
In addition to the marslocgui, we have built another GUI that can display waveforms from multiple events 
ordered by epicentral distance, the marscatgui. By selecting events in terms of depth, location quality and 
epicentral distance and by filtering seismograms to accentuate different phase types, this GUI helps to 
identify similarities in the event waveforms, visually match manually picked seismic phases, theoretical 
arrival times and waveforms, and improve estimates of origin time, epicentral distance, depth and back 
azimuth, especially for weaker events with unclear onsets. It can also aid in distinguishing between 
impacts and tectonic events. 
 
The MQS will consist of 2 teams. A front-line team will take weekly turns to analyse all raw data coming 
from Mars as they arrive and to identify new seismicity. The review team will promptly review and if 
necessary revise events before they are released to the InSight science community. The MQS targets 
providing information about Martian events within a few hours following receipt of raw data.   
9.1 Event detection - marslocgui 
The marslocgui supports scrolling through and exploring all continuous and event channels returned from 
InSight, hence it is the primary tool for manual event detection. In addition to filtering wavefroms, 
spectrograms and phase attributes (Tong and Kennett 1995) are included in order to aid event 
identification. The basic seismic channels at all available sampling rates are augmented by the pressure, 
wind speed and direction, temperature and magnetometer channels, housekeeping state of health data, 
as well as lander activity information (such as power on-off), in order to guide the operator to distinguish 
between lander or weather noise and seismic activity. 
 
Figure 7 provides examples of different types of waveforms observed in the Blind Test. As can be seen in 
the images, some events are far easier to identify and locate. Nonetheless, all 3 events shown were 
located within the L1 requirements using the MQS tools.  
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 Figure	7:	Snapshots	from	the	marslocgui	picker	window	showing	waveforms	from	selected	events	in	the	blind	test:	a)	M5.1	at	~35°;	b)	M2.5	at	~3°,	and	c)	M4.3	at	~140°.	Note	the	very	different	time	windows.	Vertical	component	spectrograms	and	3	component	waveforms	for	the	2sps	VBB	synthetics	are	shown	at	the	top	and	middle	respectively.	On	the	bottom	are	all	available	channels	which	includes	SP,	VBB	mass	position,	weather	and	housekeeping		data	as	available.	On	the	3	component	VBB	waveforms,	manual	picks	for	body	and	surface	waves	made	for	each	event	are	indicated	by	green	vertical	lines.	The	estimated	origin	time	is	shown	on	the	red	line.	The	first	2	events,	the	largest	teleseism	in	the	catalogue,	and	a	major	local	event,	have	very	high	signal-to-noise	and	are	well	located	with	clear	phases	-	the	first	event	has	clear	muti-orbit	surface	waves.	The	last	event	is	challenging	to	locate	as	phase	arrivals	are	emergent	and	surface	waves	are	weak.	
9.2 Event location - marslocgui 
Once an event is identified, the MQS person on front-line duty will attempt to make a location and provide 
a corresponding magnitude. If using a suite of 1D velocity models to determine event locations, it does 
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not matter whether the epicentral distance or the back-azimuth is first determined, although in order to 
best identify phases, once the back-azimuth is estimated then the horizontal waveforms can be rotated 
into radial and transverse components to aid phase identification. In the 3D case, it is crucial to first 
estimate the back azimuth in order to select long period surface wave travel-times (if these phases can be 
identified) from the appropriate back azimuth segment. 
 
The additional channels and lander activity flags are also key information to be used by the operator to 
avoid incorrectly interpreting weather noise or lander activity as seismic energy.  
 
Figure 8 shows a summary of the location for the M5.1 event in Figure 7a. This is a large event with clear 
body and surface waves, including multiple orbits, so all methods are used to create the location. Since 
depth phases are not used, a default depth of 10km is used. 
  
 Figure	8:	Snapshot	of	the	location	summary	from	the	marslocgui	location	tab	for	a	M5.4	event	from	the	Blind	Test.	The	map	shows	the	currently	preferred	location	as	the	red	dot	at	the	intersection	point	of	the	two	black	lines	that	indicate	preferred	distance	and	back-azimuth.	The	colours	around	the	epicenter	indicate	the	location	PDF.	The	additional	red	dots	show	other	events	already	located	in	the	catalogue.	Background	image	is	from	Mars	Orbiter	Laser	Altimeter	(MOLA;	Smith	et	al.	2001).	On	the	right	side	of	the	image	are	summary	PDF	information	from	each	method	used	for	this	location	-	the	2	algorithms	for	distance	and	azimuth	are	both	used.	For	the	distance,	the	PDF	spans	from	0-180°,	it	is	clear	both	the	phase-based	(‘Body	waves’)	and	multiple	orbit	Rayleigh	wave	(‘Rayleigh’)	solutions	provide	very	similar	distance	estimates	of	about	35°.	Some	of	the	phases	that	are	used	in	the	phase-based	distance	locator	(Section	4.2)	are	shown	in	the	lower	table.	The	model	suite	used	for	the	phase	distance	can	be	selected	on	the	drop-down		menu	that	curently	shows	‘Blindtest	–	8	models’.	For	the	azimuth,	the	pdf	spans	from	0-360°.	The	body	wave	solution	provides	2	peaks,	at	65°	and	245°(the	latter	is	smaller	amplitude	so	is	not	clearly	visible).	The	Rayleigh	wave	back	azimuth	estimate	is	far	less	precise	though	there	is	no	180°	ambiguity,	so	when	both	PDF	are	combined	the	correct	back	azimuth	is	identified.	The	PDF	in	the	map	is	produced	by	combining	the	2	distance	and	2	azimuth	PDFs.	
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If depth phases are observed, the depth is constrained by the Body waves method, otherwise the user 
must select a nominal depth. Without any assumed information on depth, a 10km depth is used. 
 
Every time a location is committed, a new origin will be created. 
9.3 Event Characterisation  - marslocgui 
Once a location is finalised but before an origin is created, a magnitude should be assigned. This is done 
using the magnitude tab in the marslocgui. All magnitudes described in Section 5 (and in detail in Böse et 
al 2018) are automatically estimated for a given location, even if outside the recommended distance 
range for each magnitude. The preferred event depth and epicentral location are used without 
consideration of the uncertainty. The magnitude is calculated over the defined time windows with respect 
to manually identified phases if they exist, using estimates from the travel time table from a selected 
velocity model if the required phase type has not been manually identified in the location. The user is able 
to view the component waveform on which the magnitude is computed, and change the default filters and 
/ or time windows. The user can also select which magnitudes are stored and which one will be the 
preferred magnitude. A magnitude will be selected and assigned to every origin. 
 
The source mechanism, as described in Section 7, is not routinely assigned by the MQS routine team, a 
source mechanism will be attempted depending on the quality of observed waveforms. 
9.4 Event review - marscatgui 
Once a sufficient number of events have been identified and characterised, the marscatgui can be a very 
useful tool to provide a sanity check on quality of each individual absolute location, and if needed, allow 
changes to the basic origin time and distance parameters. Depth and back azimuth can also be modified, 
although these are trickier to identity. Figure 9 indicates how events can be compared in context of the 
wider catalogue. 
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Figure	9:	Snapshot	of	the	marscatgui	showing	wavefroms	(in	orange)	from	the	high	quality	(A)	events	in	the	Blind	Test.	The	vertical,	radial	and	transverse	components	of	the	selected	events	are	shown	in	the	3	wavefrom	panels.	Amplitudes	are	normalised	for	each	event.	The	events	are	ordered	in	epicentral	distance,	this	view	shows	the	full	0-180°	range	over	nearly	2	hours.	The	coloured	lines	are	predicted	arrival	times	for	the	labelled	phases	for	a	selected	velocity	model.	Multiple	models	can	be	shown,	though	in	this	example	only	one	is	selected.	In	this	example,	the	waveforms	are	filtered		between	5-10s,	accentuating	high	frequency	surface	waves.	The		G1	Love	wave	energy	is	clearest	on	the	transverse	component,	and	the	R1	Rayleigh	wave	on	the	vertical	and	transverse.	For	larger	events	at	teleseismic	distances,		the	R2	and	G2	phases	are	also	clearly	seen.	
 
Manual phase picks and uncertainties can also be viewed (though not shown in Figure 9) which can allow 
operators to identify mistakes in phase arrival time or even phase identification.   
9.5 Catalogue management and distribution to MSDS - marslocgui 
Every on-duty operator can commit an origin once they have completed a location / magnitude. They then 
have the option to make any origin ‘preferred’, and once it has been verified by the review team, share it 
with the wider science team and the Mars SEIS Data Service (MSDS). 
 
The MQS will define different catalogues, primarily based on the currently preferred suites of M1 and M2 
velocity models  (see Section 8), but they could also be based on e.g. contributors of phase picks.  
 
The preferred set of M1 and M2 models will be periodically updated, in coordination with the MSS, 
depending on the quantity and quality of observed seismic events and/or other InSight-related science. 
Whenever this occurs, the on-duty team will take the responsibility to add these new model suites to the 
list of candidate models used in the marslocgui, and will also re-compute origins for existing events in 
using these models. 
 
The MSDS is also responsible for distribution of the event to scientists outside the science team 
according to the schedule defined by the project. MQS does not release marsquake catalogues. 
9.6 Preparing Event Request Proposals (ERPs)  
If a seismic event is identified, there is an opportunity to request higher sample rate data in order to 
maximise the frequency content of the signals acquired on Earth from the event. The MQS will implement 
an automated strategy to requesting high frequency time windows depending on magnitude, distance, 
and suspected event type, also taking into account the available bandwidth. 
 
The front-line team also take the responsibility to review all origins once high sample data become 
available, revising pick time, association and location as relevant.  
10. Outlook   
The MQS has built a robust operational framework that incorporates the latest methods for locating and 
characterising seismic events seen from SEIS and for curating resultant seismicity catalogues for the 
InSight project. 
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The MQS Blind Test (Clinton et al. 2017) allowed the MQS to demonstrate its ability to meet the key 
Mission requirements in terms of event location, though the test did have some shortcomings - the 1D 
velocity model resulted in overly simplistic seismograms; the fact the unknown 1D model was included in 
the suite of 14 candidate models meant that the model was easily identified using surface wave 
dispersion from the largest events; the release of all seismograms together meant each team was able to 
hunt for the largest events, use these to identify the model and understand the character of the 
seismograms under low noise, and work backwards to locate the smaller events. To address these 
issues, and to better exercise the planned 3D procedures, the MQS is conducting an MQS Operational 
Readiness Test (ORT) using 3D synthetics with a slow release catalogue shortly in advance of launch. 
This will be the final opportunity to exercise methods, software and procedures before landing. 
 
Our tests so far used waveform synthetics that are created with the assumption that data will be more 
Earth-like than Moon-like. If InSight seismograms are characterised by scattering similar to that of the 
Moon, thus preventing standard arrival time estimation, the InSight goals on location accuracy may be 
challenging to meet. In any case, once we gain familiarity with the type of data we record on Mars,  tools 
tailored to the observed waveforms will need to be developed in order to optimise our identification and 
classification of seismicity.  
 
There are a number of potential tools we may explore incorporating in routine MQS operations. One 
method that combines event detection and classification is the application of a Hidden Markov Model-
based automatic system. This method has been successfully applied to the complex lunar seismograms 
recorded by the Apollo stations, both on a global (Knapmeyer-Endrun and Hammer 2015) and a very 
local scale (Dimech et al. 2017), and has also been tested on a global terrestrial data set.  Initially, the 
algorithm is trained to distinguish between different predefined types of events and noise based on a 
single prototype event for each event class and a sufficient amount of background noise. Then, it can be 
used to classify new data, including the potential to recognize novel event types that match neither the 
trained event models nor the noise model. This approach is well suited for a situation with little prior 
information and only a limited amount of event recordings available for training. A test on synthetic Mars 
data within the Blind Test led to promising first results.  
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